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• Shrinking cities tend to be less energy efficient than their growing counterparts.• Shrinking cities need to consider the environmental effects of shrinkage.• Urban compactness is negatively associated with residential CO2 emissions.• Intra-city polycentricity is negatively correlated with gas-related CO2 emissions.






A B S T R A C T
This paper analyzes the relationship between urban form, shrinking cities, and residential carbon emissions,
based on information collected for prefectural-level and above Chinese cities for the years of 2005, 2010, and
2015. After controlling for a number of urban form and socioeconomic variables (e.g., size, compactness, and
polycentricity), this paper pays attention to residential carbon emissions in ‘shrinking cities’, which have ex-
perienced population loss and are a recent urban phenomenon in China. Everything else being equal, shrinking
cities tend to be associated with less energy efficient than their growing counterparts, suggesting that these cities
may not only be ‘battling’ with shrinking populations and economies but also need to consider the environmental
issues.
1. Introduction
Sustainable urban form is often conceptualized and pursued as a
supplementary solution to carbon emissions reduction in addition to
technological and market-based ‘fixes’ [1,2]. Specifically, the spatial
distribution of people, economic activities, and land uses is closely re-
lated to residential carbon emissions, most notably through the housing
and transportation sectors [1–4]. Against this backdrop, planning vi-
sions such as polycentric urban form and compact cities are often re-
garded as ideal-typical urban patterns and associated with environ-
mental sustainability [1,5,6]. Furthermore, few empirical studies have
examined the relationship between urban form and carbon emissions
within the context of urban shrinkage [7,8]. A city that is experiencing
continuous population decline or ‘urban shrinkage’ may be less energy
efficient than another growing city of the same population size [9,10].
For example, while the shrinking urban economy may be consuming
less energy, a declining and often more sparsely distributed population
may increase the demand for daily travel and costs for infrastructure
network maintenance [11,12]. Specifically, Moss [11] (p.436) empha-
sizes technical and economic issues brought by “overcapacity in urban
infrastructure systems in regions subject to dramatic socio-economic
restructuring”. Therefore, März et al. [12] question whether conven-
tional carbon reduction strategies can be applied to shrinking cities.
Further analyses are required to identify whether shrinking cities spur
or alleviate environmental challenges [7,8].
While many ‘postindustrial’ cities in the US and Europe have
https://doi.org/10.1016/j.apenergy.2019.114409
Received 19 August 2019; Received in revised form 29 November 2019; Accepted 15 December 2019
⁎ Corresponding author at: Faculty of Geo-Information Science and Earth Observation (ITC), University of Twente, P.O. Box 217, 7500 AE Enschede, The
Netherlands.
E-mail addresses: xliu6@hku.hk (X. Liu), mingshu.wang@utwente.nl (M. Wang), wqiang@connect.hku.hk (W. Qiang), wukang@cueb.edu.cn (K. Wu),
xiaomiw@yeah.net (X. Wang).
Applied Energy 261 (2020) 114409
Available online 07 January 2020
0306-2619/ © 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/BY/4.0/).
T
experienced ‘urban shrinkage’ for decades and even rounds of ‘right-
sizing’ and ‘restoration’ [13,14], shrinking cities are emerging in China
[15,16]. For example, Yang and Dunford [16] have employed multiple
population measures and observed that 88 of 336 Chinese prefectural-
level cities had experienced population loss between 2000 and 2010,
within the context of rapid urbanization at the national level. In a more
recent book-length treatise [17], Long, Gao, and colleagues have re-
corded the overall trends and characterized significant individual cases
of shrinking cities in China. Specifically, drawing upon Shrinking Cities
International Research Network (SCiRN)’s definition, Long and Gao
[18] (p.10) have identified 180 shirking cities from 653 Chinese cities
(at different administrative levels) and suggested that identified
shrinking cities “are not limited to a specific region like northeastern
China or central China…most shrinking cities are small- to medium-
sized cities”. Much debates have focused on the causes of urban
shrinkage [18,19], as Long and Gao [18] have suggested (1) resource-
depleted cities; (2) lagging economies in central and western regions;
(3) erstwhile industrial cities that are enduring economic transition as
major types of shrinking cities in China. Further analyses have started
to pay attention to socioeconomic correlates of urban shrinkages, such
as the aging population structure [20] and (distributive effects of)
transport infrastructure [21]. Overall, the relevant empirical literature
needs to be further advanced, and more specifically the environmental
dimensions of shrinking cities have been less well studied (see however
[8]). Furthermore, analyses of the relationship between urban form and
carbon emissions in China are often restricted to cross-sectional studies
of major cities due to data availability [5].
Therefore, this study assesses the associations between urban form,
urban shrinkage, and residential carbon emissions across Chinese cities
for the years of 2005, 2010, and 2015. Specifically, the study controls
for urban size, compactness, and polycentricity. The analysis focuses on
residential CO2 emissions, as industrial emissions largely depend on the
industrial structure [22]. The remainder of this paper is organized as
follows. Section 2 reviews the relevant literature and highlights key
research gaps. Section 3 introduces the data and methods. Section 4
presents the empirical findings and discusses potential policy implica-
tions. We conclude by identifying the limitations of this study and
avenues for future studies.
2. Literature review
2.1. Urban form, socioeconomic structure, and carbon emissions
Previous analyses of urban form and carbon emissions have often
examined the role of city size [1,2,5,23]. Many studies have found a
‘scaling’ relationship between population size and energy consumption
of cities [24]. More recently, studies start to pay attention to other
dimensions of urban spatial structure, such as urban compactness [1,6]
and polycentricity [5,6,25]. For example, compact cities have been
linked to urban heat island mitigation strategies [23] and associated
with reduced carbon emissions [5]. Meanwhile, polycentric urban de-
velopment emphasizes the emergence of multiple urban centers within
a given area as well as the balanace of ‘importance’ among these centers
[26–28]. Initially proposed within European and North American
contexts, the drive for ‘urban polycentricity’ has gained momentum in
Chinese academic and policy circles [29,30]. Specifically, in many
masterplans, multiple employment and population centers outside the
traditional urban cores have been proposed [29]. While urban poly-
centricity has been conceptually linked with improved environmental
outcomes, the empirical literature seems to be inconclusive [5]. For
example, it is unclear whether a more polycentric urban pattern would
spur longer and more frequent travel between individual centers and
thus increase emissions or whether it could enable more centers to
reach ‘critical mass’ and promote a more efficient public transit system
[2,31]. Still, Ewing and Rong [31] suggest that green space between
multiple centers can help mitigate heat island effects, which are highly
related to the temperature in the city and influence electricity con-
sumption. Lee and Lee [2] find that polycentric development can help
reduce CO2 emissions by enhancing land use mixtures and shortening
communication distances. By contrast, Zheng et al. [32] imply that
urban polycentricity is often associated with greater housing supply and
larger living spaces, which may, in turn, contribute to more electricity
consumption and CO2 emissions. Veneri [6] and more recently, Wang
et al. [5] found that a more polycentric urban form is not necessarily
associated with reduced CO2 emissions. Furthermore, analyses may
account for emissions from different sectors, for example, Li et al.’s [33]
study of transportation-related emissions suggests that in large urban
areas developing polycentric urban patterns might be less significant for
mitigating passenger transport.
Additionally, existing studies have often assessed the association
between socioeconomic characteristics, geographical factors, and CO2
emissions. For example, Zhang et al. [22] and Wangpattarapong et al.
[34] identify that the annual average rainfall is associated with re-
sidential CO2 emissions, suggesting that the influence may be through
household appliances and transport modal choices. Still, empirical
evidence indicates that higher levels of gross domestic product (GDP),
larger weights of tertiary industry, and larger proportion of young re-
sidents are usually significantly related to higher residential energy
consumption [35,36]. Furthermore, the positive associations between
private car ownership and energy consumption and CO2 emissions have
been identified at multiple levels [37]. Using scenario simulations with
an integrated model, Liu et al. [38] reveal that technological invest-
ment and compact urban spatial patterns may facilitate the balancing of
economic development and emission reduction. Xie et al. [39] find that
the provision of transportation infrastructure increases carbon emis-
sions for large and medium-sized cities. Furthermore, socioeconomic
development, such as cultivating awareness of energy-saving, may fa-
cilitate emissions reduction [40].
Therefore, given the complexity of the interactions between urban
form, socioeconomic characteristics, and residential carbon emissions,
it is necessary to accumulate more empirical evidence across different
geographical areas. One of the major contributions to the field of ap-
plied energy is therefore to empirically examine such complicated re-
lationships in the context of urbanizing China while considering the
emerging phenomenon of shrinking cities, which will be introduced
with details in the next section.
2.2. Shrinking cities and carbon emissions
Shrinking cities generally refer to urban areas that have undergone
long-term population loss and lagging economies [14]. Such a phe-
nomenon was initially found in Europe (e.g., many Eastern German
cities after the unification as well as erstwhile industrial cities; Turok
and Mykhnenko [41]), the US (e.g., cities in the ‘rust belt’), and more
recently in China [16]. Although similar phenomena can be observed
around the world, remarkable diversities exist beneath such similarities
at the surface [42,43]. As noted above, existing studies have debated
the definitions, underlying processes, socioeconomic consequences, as
well as policy responses of shrinking cities [17,43]. While the literature
has emphasized the environmental significance of urban shrinkage
[9,12], the empirical assessment of the relationship between shrinking
cities and environmental impacts could be further advanced.
Extending from März et al.’s [12] framework, urban shrinkage could
affect residential carbon emissions through different channels. Many
existing studies have found a positive relationship between economic
development and energy use. Following this logic, lagging economies in
shrinking cities often lead to decreasing income levels and reduced
energy use. For example, März et al. [12] have detailed the reduction in
energy use in a shrinking German city, though their analysis does not
differentiate between industrial and residential energy uses. Relatedly,
Satterthwaite [44] suggests that increasing levels of consumption rather
than population growth have more significant impacts on carbon
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emissions. Furthermore, within the North American and European
contexts, recent literature has identified the relevance of vacant lands in
shrinking cities for carbon reduction [13]. Specifically, Schilling and
Logan [13] (p.455) suggest that “shrinking cities should transition to
the new green economy by converting their vacant and abandoned
properties to create new and different economic opportunities”, which
include using vacant lands for biofuel, urban forests, and urban
farming.
However, a city experiencing a continuous population loss or ‘urban
shrinkage’ may be less energy efficient than another growing city of the
same population size [9,10,12]. First, urban shrinkage often results in
more sparsely distributed population and economic activities, as com-
pared to ‘growing’ cities of the same size. Lower densities of population
and economic activities are often associated with (1) greater job-
housing imbalance, longer commuters, and increased energy con-
sumption for transportation; (2) higher energy demands for heating and
cooling [12]. Second, infrastructure networks such as pipelines, elec-
tricity grids, and central heating in shrinking cities face the imminent
problems of overcapacity and inefficiency [11,12]. As Moss [11] notes,
many of these technologies and infrastructure networks have ‘over-ca-
pacity’, as they are planned and developed for ‘growing cities’. How-
ever, the combination of reduced demands by shrinking cities and the
infrastructure networks developed for a larger population result in
technical, economic, and environmental issues. For example, for elec-
tricity grids and central heating systems, such underused networks may
entail costly maintenance and energy loss during the transmission
process [11]. Lastly, the geography of cities matters [2], as cities in
colder locations may require more energy for heating [12]. This is
particularly relevant for the Chinese case, as existing studies suggest
that many old industrial towns in China’s northeastern provinces are
undergoing urban shrinkage [16]. These cities could be ‘double
whammed’ in the sense that their resource- and manufacturing-driven
economies are lagging while their cold winters require central heating
[17].
To sum up, whether shrinking cities are associated with more or
fewer carbon emissions is inconclusive. Furthermore, existing studies
about the relationship between urban form and CO2 emissions have
overlooked cities with different development trajectories [8]. Exploring
such a question with a longitudinal dataset of a sizeable set of Chinese
city-regions is the main contribution being attempted here.
3. Data and methods
3.1. Data sources
Energy use and carbon emissions: For individual cities, we estimate
residential CO2 emissions based on gas, electricity, transportation, and
heating energy consumption reported in the Chinese City Statistical
Yearbooks as well as emissions factors from the Intergovernmental
Panel on Climate Change (IPCC) [22]. According to IPCC and related
studies [5,22], residential CO2 emissions are mainly derived from en-
ergy consumption. Meanwhile, Zhang et al. [22] note that industrial
emissions at the city level are more associated with industrial structures
rather than urban form. Existing studies often use city-level statistics
about energy consumption to estimate total residential CO2 emissions,
as the major alternative method, household-level surveys, is often time-
consuming and resource-intensive [45]. More recently, remote sensing-
based methods have been developed to estimate gridded CO2 emissions,
though these methods cannot easily separate residential and industrial
emissions [46]. More detailed discussions about CO2 emission for China
can be found in Shan et al. [47]. Furthermore, the influence of urban
form on residential CO2 emissions in different subsectors is not ne-
cessarily the same. For example, Yuan et al. [48] and Zheng et al. [32]
suggest that the influence on transport-related and electricity-related
CO2 emissions is different. Therefore, following Zhang et al. [22], we
adopt a four-type categorization of residential CO2 emissions as well as
estimate energy use in individual categories by synthesizing informa-
tion from statistical yearbooks, official reports, and previous academic
studies (e.g., China City Statistical Yearbook; China Urban Construction
Statistical Yearbook; China Energy Statistical Yearbook; and China
Statistical Yearbook for Regional Economy).
Urban form: The measurement of urban form is at the city level as
well. We rely on gridded population distribution data from LandscanTM
High-Resolution Global Population Data [49] as well as land use/cover
information from the National Administration of Surveying, Mapping
and Geoinformation of China. While the Landscan dataset is used to
characterize polycentricity, the land use/cover dataset is used for cal-
culating compactness. The LandScan dataset provides estimates of po-
pulation density at approximately 1 km-by-1 km scale, thus allowing for
the characterization of population distribution within cities and
avoiding the complications brought by administrative boundary ad-
justment [50].
Socioeconomic and geographic variables: Information about GDP, po-
pulation, and industrial composition for individual cities (shiyu) is
gathered from Chinese City Statistical Yearbooks. The above datasets
are collected for 2005, 2010, and 2015. Climate variables such as
monthly average temperature and rainfall for the period of 1970–2000
are acquired from the World Climate website (http://www.worldclim.
org/) and sampled for individual cities using GIS spatial analytical
tools. Our analysis focuses on Chinese cities at the prefectural level and
above [5]. Due to data availability, we can collect information for 271
Chinese cities (Appendix A). Specifically, for the analysis of emissions
from residential electricity, gas, and transportation sectors, our sample
includes 727 emissions records for the 271 cities in the three selected
years. For the analysis of emissions from central heating, as not all
Chinese cities are equipped with such service, we have collected
emissions records for 136 cities during the study period. This study has
constructed samples with about two-thirds of the Chinese cities at the
prefectural level and above, and most of them are located in densely
populated central and eastern China.
3.2. Methods
3.2.1. Estimating CO2 emissions of urban residents
Overall, we have replicated Zhang et al.’s [22] methodology and
expanded the estimation of residential carbon emissions to include
multiple years. For individual cities, the direct residential CO2 emis-
sions (DCE; following the terminologies used in Zhang et al. [22]) are
measured as the sum of four consumption sources: electricity (EDCE),
gas (GDCE), transport (TDCE), and central heating (CDCE). Specific
formulas for calculating individual components of residential CO2
emissions are reported in Table 1.
We report the gist of Zhang et al.’s [22] approach here to make the
current study self-standing. First, for residential electricity emissions
(EDCE), the electricity consumption of residents for individual cities is
gathered from China City Statistical Yearbook, and the emissions rates
are reported in Regional Grid Baseline Emissions Factors. In other words,
different electricity emissions factors are used for individual cities
based on the regional grid to which they belong. Second, for gas-related
emissions (GDCE), information about liquefied gas, coal gas, and nat-
ural gas consumption is from the China Urban Construction Statistical
Yearbook. The corresponding carbon emissions factors are obtained
from the IPCC National Greenhouse Gas Emissions Inventory Guidebook
2006. Third, for emissions-related to central heating, the heating areas
of individual cities are collected from China Urban Construction Statis-
tical Yearbook, while unit coal consumption for heating is reported in
Energy Conservation Design Standard in China. Fourth, for transport-re-
lated emissions, the analysis accounts for taxis, buses, and private ve-
hicles. The number of buses and taxis is compiled from China City
Statistical Yearbook. Following Zhang et al. [51], bus speed and fuel
factors are set at 16 km/h and 32 L/100 km, respectively. Similarly, we
set annual taxi mileage and corresponding fuel factor at 12,000 km and
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10 L/100 km, respectively [52]. As for the private vehicles, statistics are
mostly provided as provincial aggregates, and city-level tallies are only
reported in China Statistical Yearbook for Regional Economy for
2006–2013. Therefore, we use 2006 and 2010 private vehicle numbers
from China Statistical Yearbook for Regional Economy to estimate trans-
port emissions in 2005 and 2010. For 2015, we rely on provincial and
municipal yearbooks as well as statistical bulletins.
3.2.2. Measuring urban shrinkage in China
The key independent variable in this study is a dummy variable to
indicate whether a corresponding city has experienced a long-term
population loss between 2005 and 2015. A value of 1 indicates urban
shrinkage, and 0 otherwise. As the definition and measurement of
‘shrinking cities’ within the Chinese context are still subject to debates
(see for example the different numbers of shrinking cities as identified
in different studies such as Yang and Dunford [23], Long and Gao [18],
and Wu and Li [53]), a dummy variable may be more robust than
specific population counts. Similarly, in Xiao et al. [8], cities are cate-
gorized into individual groups of growing and shrinking cities. To fur-
ther ensure the robustness of our analysis, we have employed three
ways to identify shrinking cities. The first two measures are based on
the population figures in city districts (shiqu) and the whole cities
(shiyu) as reported in China City Statistical Yearbook. For the ease of
international readers, Chinese administrative cities are akin to city-re-
gions in the US and European contexts [50], which consist of ‘urban
districts’ as well as outlying towns, villages, and rural areas. As there is
a mismatch between the administratively and functionally defined
urban populations in Chinese cities, we use population figures for both
city districts and the whole cities to improve robustness (see Chan [54]
for a detailed discussion on de jure and de facto population in Chinese
cities). The third list of prefectural-level and above cities that have
experienced shrinkage during 2007–2016 is reported by Wu and Li
[53], which has accounted for different definitions of the ‘urban po-
pulation’. The three lists contain 60, 30, and 22 shrinking cities for our
analysis, respectively. For a more detailed account of geographical
patterns of urban shrinkage in China, see Long and Gao [18].
3.2.3. Compiling urban form, geographic, and socioeconomic correlates
Similar to [5], the first urban form variable is the compactness of
developed areas in individual cities. Compactness (COMP) reflects the
degree of concentration of urban development from a land use/cover
perspective. The calculation method of the compactness indicator is
based on the minimum circumscribing circle [55,56]. As there might be
several noncontiguous developed areas within a city, we use the













where n is the number of ‘urbanized’ areas in a city; Ak is the area of the
kth urbanized area; Akc is the area of the minimum circle of the kth
urbanized area. As mentioned above, the urbanized areas (i.e., Ak) are
identified based on land use data from the National Administration of
Surveying, Mapping and Geoinformation of China. A higher compact-
ness variable corresponds to more concentrated urban development and
vice versa.
Our analysis also accounts for the patterns of intra-city polycentric
urban development (POLY). Following Liu et al. [30], we identify in-
dividual population centers within individual cities and evaluate whe-
ther the population is evenly distributed across the population centers:
=POLY 1 abs
max (2)
where POLY denotes the polycentricity of individual cities; abs is the
standard deviation of the population size of all the centers within the
corresponding city; population centers within individual cities are
identified as contiguous densely populated grids in the Landscan da-
taset (See Liu et al. [30] for more details); maxis the standard deviation
of population size in a ‘hypothetical’ two-center city, with one center of
zero population and the other with ‘maximum’ population. POLY
ranges from 0 to 1, with values of 0 and 1 pointing to a total lack of
polycentricity and absolute polycentricity, respectively.
Furthermore, relevant socioeconomic and climate variables are used
as control variables. Population size (POP), per capita GDP (PGDP), and
percent of tertiary industry in total GDP (WTI) are gathered from China
City Statistical Yearbooks of corresponding years. Also, information
about annual average temperature (ATEMP) and per capita paved road
(PROAD) enter the model selection process. The natural logarithm of
each of these variables is taken to control for nonstationarity and het-
eroskedasticity issues. Summary statistics of key variables are listed in
Table 2.
3.2.4. Regression analysis
Building upon previous studies [5,57], a panel model is employed to
link urban form and socioeconomic variables with residential CO2
emissions in selected cities.
= + × + +y x x x zit it it m it n i it_ _ (3)
where yi is the dependent variable and, in our cases, represents the
residential CO2 emissions of city i; xit is a vector representing the in-
dependent variables, including urban form indicators (compactness and
Table 1
Estimation methods for EDCE, GDCE, TDCE, and CDCE (Recreated based on Zhang et al. [22]).
= ×EDCE E EF i1 1 = × ×= F NV EFGDCE i
r
r r r1 = × × × + × ×= Q L EF EF E Q QTDCE /i
s
s s s s s s s1 2 2 2 2





EF i1 is the urban
emissions factor.
r indicates the type of residential gas
use. Fr denotes the consumption of
individual types of gas. NVr is the
calorific value of individual types of gas.
s is the type of considered public vehicles. Qs is the amount of
individual types of public vehicles. Ls is the annual mileage of
individual types of public vehicles. s is the fuel factor of individual
types of public vehicles. EF denotes the corresponding carbon
emissions factor. Qs2 and Qs2' are the numbers of private vehicles in
individual cities and corresponding provinces, respectively. E2
represents the household gasoline consumption in the province.
S represents the heating area of
individual cities. N corresponds to
the coal consumption for central
heating. EF0 denotes the carbon
emissions factor of standard coal.
Table 2
Descriptive statistics of key variables.
Variable unit Obs Mean Std.Dev. Min Max
DCE 10,000 tons 727 1830.48 3539.25 44.23 42595.58
GDCE 10,000 tons 727 159.94 372.82 0.67 3764.08
EDCE 10,000 tons 727 1003.85 1976.86 21.52 20858.51
CDCE 10,000 tons 337 773.34 1435.19 5.21 11906.02
TDCE 10,000 tons 727 308.17 688.01 7.49 9618.22
POP 10,000 people 727 147.24 186.49 14.62 2129.09
PGDP 10,000 yuan 713 45056.82 31964.62 3420.00 249040.00
PROAD m/people 722 10.83 7.54 0.74 105.02
WTI % 725 0.43 0.11 0.10 0.80
TEMP degree 337 10.33 3.90 −0.99 19.99
COMP N/A 727 0.52 0.08 0.20 0.74
POLY N/A 727 0.21 0.25 0.00 1.00
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polycentricity), geographic and socioeconomic correlates (population,
GDP per capita, the proportion of tertiary industry in GDP, annual
average temperature and annual average precipitation); zi are time-
invariant variables, including a dummy variable to capture whether the
city has been ‘shrinking’ in the study period, another dummy indicating
whether the city has central heating services, as well as the average
monthly temperature; and i is the error term. xit m_ and xit n_ are the
potential factors with interactive effects on residential CO2 emissions.
In this study, interaction effect assumptions are made that the re-
lationships between urban form indexes and residential CO2 emissions
depend on levels of population size.
The regression is run for DCE as well as the four individual com-
ponents. The models for heating energy consumption include only 136
cities, as citywide central heating is not provided in southern China.
The VIF results indicate that variables do not suffer a high degree of
multicollinearity. As the Breusch-Pagan LM test is significant, we
choose random-effects models over pooled OLS for our panel analysis.
In our models, the shrinking variable is time-invariant. Therefore, we
include the between effects (BE) estimator for supplementary estimates
as the random-effects results are weighted averages of BE and fixed
effects estimators (Appendices B–D).
4. Results and discussions
4.1. Overall findings
The three sets of models with different urban shrinkage dummy
variables are presented in Tables 3–5. We first discuss the significance
of variables other than the urban shrinkage dummy and compare our
results with previous studies. First, population size (POP) and GDP per
capita (PGDP) are positively correlated with residential CO2 emissions
in China, which is consistent with the existing literature [5,51,57,58].
This relationship applies to total carbon emissions (DCE) as well as
residential emissions in most sectors. Specifically, the influence of po-
pulation size is in line with existing studies on the ‘scaling’ law [22,59],
with the coefficients for population size in nearly all models smaller
than 1.
Second, our results imply that cities with a higher proportion of
tertiary sector is associated with more energy consumption [22], which
is partly consistent with Li et al. [57]’s finding where an improvement
of technological level increases carbon emissions, and industrial struc-
ture is not the main factor in carbon emissions in high emissions re-
gions. Relatedly, a higher proportion of the tertiary sector may reflect a
higher level of wealth of the city, which is consistent with the wealth
effect of carbon emissions [5,51]. Furthermore, a higher proportion of
the tertiary sector may be associated with more urban consumptions
and travel, as energy consumption and private car ownership are po-
sitively associated with CO2 emissions [37]. Along this line, Xiao et al.
[8] have observed that even in ‘rapidly shrinking cities’ one of the main
reasons for the recent increase in carbon emissions is the growing ter-
tiary industry. Nevertheless, a higher level of urban consumption and
upgrade of lifestyle may increase the adoption intention of smart energy
monitors, which may optimize residential energy usage in the long run
[60].
Third, in line with Liu et al. [56] and Fang et al. [1], compactness is
negatively associated with residential carbon emissions. This result may
be due to the fact that compact areas could lead to the higher efficiency
of city operations and less energy consumption. In particular, the in-
fluence of compactness is statistically significant for transportation and
electricity-related residential energy use. As the compactness ratio can
be related to a suite of urban settlement parameters, it may provide a
direct ‘handle’ for emission-mitigation planning practices [55].
Fourth, intra-city polycentricity (POLY) is only significant for gas-
related energy consumption. Indeed, polycentricity is marginally sig-
nificant in a previous study [5]. Wang et al. [5] (p. 6) have discussed
the “potential trade-off effects between urban compactness and poly-
centricity…as the polycentricity measure focuses on population distribution
at the city level and does not reflect subcenters within the built-up area [2]
… For many Chinese cities, a more polycentric urban pattern at the city level
often means a relatively small and thus less dense central urban district.”
The interaction effect between polycentricity and population size on
residential carbon emissions is not statistically significant. Different
Table 3
Correlates of residential carbon emissions with the urban shrinkage dummy variable measured based on city-district population.
(1) (2) (3) (4) (5)
VARIABLES DCE TDCE EDCE GDCE CDCE
Ln (POP) 0.903*** 0.915*** 0.976*** 1.055*** 0.769***
(0.0302) (0.0433) (0.0333) (0.0450) (0.111)
Ln (PGDP) 0.572*** 0.396*** 0.560*** 0.431*** 0.927***
(0.0244) (0.0524) (0.0253) (0.0369) (0.0639)
WTI 1.363*** 0.766*** 1.337*** 0.684** 1.491***
(0.164) (0.220) (0.211) (0.303) (0.369)
COMP −0.368** −0.758*** −0.501** −0.0744 0.629
(0.167) (0.290) (0.205) (0.321) (0.444)
POLY −0.0862 0.119 −0.0416 −0.278** −0.0840
(0.0639) (0.0933) (0.0654) (0.122) (0.190)
Urban Shrinkage (Shrinking = 1) 0.0909** −0.0353 0.0738 0.0249 0.150*
(0.0443) (0.0573) (0.0540) (0.0774) (0.0855)






Constant −3.946*** −4.003*** −4.541*** −5.426*** −7.252***
(0.299) (0.527) (0.331) (0.452) (0.979)
Breusch and Pagan LM test 160.87*** 205.69*** 145.80*** 124.07*** 96.04***
Observations 713 708 713 713 332
Number of groups 271 271 271 271 136
Robust standard errors in parentheses.
*** p < 0.01.
** p < 0.05.
* p < 0.1.
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CO2 datasets reveal that a high concentration of CO2 emissions is
usually in polycentric urban regions of China [46]. We also note that
such a relationship at different spatial scales may result in a different
pattern [61].
4.2. Shrinking cities and residential carbon emissions
In the models of total residential carbon emissions (i.e., DCE), ev-
erything else being equal, urban shrinkage is positively correlated with
CO2 emissions, suggesting that shrinking cities might be associated with
less energy efficiency than growing cities of similar sizes. This
Table 4
Correlates of residential carbon emissions with the urban shrinkage dummy variable measured based on city-wide population.
(1) (2) (3) (4) (5)
VARIABLES DCE TDCE EDCE GDCE CDCE
Ln (POP) 0.913*** 0.925*** 0.984*** 1.046*** 0.771***
(0.0300) (0.0441) (0.0336) (0.0456) (0.113)
Ln (PGDP) 0.581*** 0.394*** 0.567*** 0.432*** 0.948***
(0.0243) (0.0519) (0.0249) (0.0371) (0.0639)
WTI 1.415*** 0.760*** 1.376*** 0.685** 1.599***
(0.169) (0.219) (0.215) (0.304) (0.386)
COMP −0.337** −0.769*** −0.470** −0.0693 0.738*
(0.167) (0.287) (0.206) (0.320) (0.448)
POLY −0.0875 0.117 −0.0415 −0.273** −0.120
(0.0640) (0.0937) (0.0658) (0.123) (0.187)
Urban Shrinkage (Shrinking = 1) 0.246*** 0.0951 0.197*** −0.112 0.525
(0.0778) (0.115) (0.0665) (0.108) (0.346)






Constant −4.142*** −4.033*** −4.701*** −5.382*** −7.772***
(0.302) (0.523) (0.335) (0.466) (1.018)
Breusch and Pagan LM test 146.05*** 202.38*** 137.65*** 125.84*** 86.38***
Observations 713 708 713 713 332
Number of groups 271 271 271 271 136
Robust standard errors in parentheses.
*** p < 0.01.
** p < 0.05.
* p < 0.1.
Table 5
Correlates of residential carbon emissions with the urban shrinkage dummy variable from Wu and Li [53].
(1) (2) (3) (4) (5)
VARIABLES DCE TDCE EDCE GDCE CDCE
Ln (POP) 0.901*** 0.927*** 0.971*** 1.050*** 0.752***
(0.0319) (0.0436) (0.0346) (0.0460) (0.117)
Ln (PGDP) 0.579*** 0.391*** 0.566*** 0.433*** 0.946***
(0.0242) (0.0520) (0.0249) (0.0370) (0.0638)
WTI 1.394*** 0.750*** 1.360*** 0.693** 1.575***
(0.172) (0.219) (0.219) (0.302) (0.384)
COMP −0.329* −0.764*** −0.470** −0.0687 0.775*
(0.169) (0.289) (0.205) (0.320) (0.452)
POLY −0.0853 0.115 −0.0397 −0.275** −0.121
(0.0643) (0.0938) (0.0657) (0.123) (0.188)
Urban Shrinkage (Shrinking = 1) 0.142* 0.187* 0.0420 −0.0755 0.512*
(0.0817) (0.110) (0.0868) (0.111) (0.290)






Constant −4.044*** −4.024*** −4.598*** −5.421*** −7.572***
(0.299) (0.524) (0.330) (0.454) (1.007)
Breusch and Pagan LM test 161.52*** 199.87*** 150.08*** 124.98*** 100.98***
Observations 713 708 713 713 332
Number of groups 271 271 271 271 136
Robust standard errors in parentheses.
*** p < 0.01.
** p < 0.05.
* p < 0.1.
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relationship holds with all three dummies of shrinkage (model 1 in
Tables 3–5). As noted earlier, März et al. [12] have suggested reduced
energy use in shrinking German cities. Similarly, carbon emissions are
lowest in rapidly shrinking cities among the different groups of cities, as
analyzed in Xiao et al. [8]. Existing studies have often associated urban
shrinkage in China with lagging economic development [17], while
Satterthwaite [44] suggests that levels of consumption exert a more
significant influence on carbon emissions. More relevant to our purpose
here, our results imply that controlling for variables about absolute
population size (POP) and socioeconomic development (PGDP), a city
that is experiencing continuous population loss or ‘urban shrinkage’
may be less energy efficient than another growing city of the same
population size [9,10]. One potential underlying factor, as pointed out
in the literature on ‘right-sizing’ cities and infrastructure networks
[12,13], is that an oversupply of infrastructure and sparsely distributed
populations may lead to more energy use [9]. However, no significant
interactive effects of urban shrinkage and population size on total re-
sidential carbon emissions observed.
Furthermore, joint reading of the three sets of models based on our
three urban shrinkage dummies suggests that the significance of urban
shrinkage may be most in central-heating related energy use (model 5
in Tables 3–5). The urban shrinkage dummy variables are positive and
significant for two models of CDCE. Because average monthly rainfall
and temperature variables are highly correlated, only the temperature
variable is included in the reported models. For robustness checking
purposes, if the averaged monthly temperature is substituted by the
average rainfall (see, for example [22,34]), the urban shrinkage dummy
variables will be significant in all three models of CDCE. This seems to
be in line with Moss’s [11] observation that many of the infrastructure
networks developed under urban growth scenarios have ‘over-capacity’.
Specifically, as noted above, for central heating systems, the combina-
tion of reduced demands in shrinking cities and a central heating net-
work previously developed for a larger/growing population may lead to
rising maintenance costs and increased transmission loss, ceteris paribus
[12]. Furthermore, the urban shrinkage dummies are significant for
TDCE and EDCE, each in one model. Such finding echoes with the
reasoning that lower densities of population and economic activities in
shrinking cities are often associated with greater job-housing im-
balance, longer commuters, and increased energy consumption for
transportation, and higher energy demands for heating and cooling
[9,12].
4.3. Interaction effects on residential carbon emissions
Table 6 provides the results of the interaction effects between
population size, compactness, polycentricity, and urban shrinkage.
Overall, there is a significant negative interaction effect between po-
pulation size and compactness. A joint interpretation of the coefficients
in Tables 3–6 reveals that although population size is positively asso-
ciated with carbon emissions, as a city's compactness increases, the
positive effect of population size on carbon emissions decreases [1]. In
other words, urban compactness potentially mitigates the effect of po-
pulation size on carbon footprint [5]. When other covariates are held,
urban compactness can reduce the CDCE of the population by about
1.017% for cities with an average population. In other words, popula-
tion size strengthens the potential impact of compactness on CDCE. For
cities with one million population, urban compactness is associated
with 3.98% more reduction of CDCE; for cities with a population of five
million, such number can reach 5.62%. Such interaction effects imply a
positive role of compact urban development on energy efficiency. In-
deed, this finding resonates with the results of a case study of 30 pro-
vincial capital cities of China [1]. Provincial capital cities in China are
usually the largest city regarding population size in that province. One
possible reason is that a large and densely populated city is more likely
to establish a broader range of public transport with more efficient road
network systems [1].
Furthermore, Table 6 examines the interaction effects between per
capita GDP, compactness, polycentricity, and urban shrinkage. With a
significantly negative interaction effect between per capita GDP and
urban shrinkage, it suggests that while urban shrinkage itself is asso-
ciated with higher carbon emissions, urban shrinkage may complicate
the sitatuion and mitigate the positive role of economic growth on
carbon emissions (notably in TDCE), whose relationship has been well
researched (e.g., [35,36]). Specifically, when comparing shrinking ci-
ties with their non-shrinking counterparts, the DCE associated with
economic growth (PDGP) in shrinking cities is 0.189% lower. Put dif-
ferfently, while shrinking cities may have high carbon emissions due to
the legacy of their infrastructure (such as electricity and heating facil-
ities), the economic structure of those cities may have been shifted,
which may, in turn, affects carbon emissions (see however [8]).
4.4. Summary of empirical results
Our analysis points to the significance of urban form for residential
CO2 emissions. First, our analysis is consistent with previous analyses of
urban compactness [1,5]. In fact, many ongoing urban policies, such as
‘sanjizhong’ and ‘jiyue jieyue’, have been proposed to increase land use
efficiency and promote population concentration, which will, in turn,
lead to more compact urban patterns [62]. This approach is also con-
sistent with the recent shift in focus from urban expansion to urban
Table 6
Results of interaction effects.
Interactive effects DCE TDCE EDCE GDCE CDCE
City district shrinkage COMP × Ln (POP) −0.558** −0.579* −0.533** −1.006** −0.887
POLY × Ln (POP) 0.0812 −0.114 0.0628 0.0304 0.330
Urban Shrinkage × Ln (POP) −0.131 0.101 −0.0823 0.129 −0.0919
COMP × Ln (PGDP) 0.0414 0.0779 0.212 −0.0990 −0.169
POLY × Ln (PGDP) −0.0514 0.141 −0.0472 −0.294** −0.140
Urban Shrinkage × Ln (PGDP) −0.189*** −0.214** −0.195*** −0.0776 −0.228*
City wide shrinkage COMP × Ln (POP) −0.551** −0.564 −0.528* −1.025** −0.962
POLY × Ln (POP) 0.0531 −0.112 0.0408 0.0417 0.305
Urban Shrinkage × Ln (POP) −0.227 0.237 −0.289* 0.0186 −0.979*
COMP × Ln (PGDP) 0.0402 0.0593 0.203 −0.0811 −0.150
POLY × Ln (PGDP) −0.0646 0.138 −0.0569 −0.285** −0.116
Urban Shrinkage × Ln (PGDP) −0.114* −0.229*** −0.109 −0.0715 −0.0902
Shrinkage measured by Wu and Li [53] COMP × Ln (POP) −0.581*** −0.579* −0.545** −1.008** −1.017*
POLY × Ln (POP) 0.0810 −0.106 0.0607 0.0271 0.361
Urban Shrinkage × Ln (POP) −0.0141 −0.0197 0.0877 −0.0744 −0.279
COMP × Ln (PGDP) 0.0591 0.0655 0.229 −0.0915 −0.109
POLY × Ln (PGDP) −0.0484 0.137 −0.0446 −0.291** −0.127
Urban Shrinkage × Ln (PGDP) −0.0993* −0.358*** −0.0836 −0.263** −0.203**
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redevelopment [63]. Of course, we do not suggest an overall con-
centration of population and economic activities, as this will inevitably
incur high agglomeration costs [64]. Second, our analysis only identi-
fies the negative associations between higher levels of intra-city poly-
centiricty and reduced GDCE (see also [5]). Along this line, research
about the influence of urban polycentricity on economic productivity
indicates that Chinese polycentric urban development may not ne-
cessarily contribute to urban productivity [62]. Similarly, a recent
study of multiscalar polycentricity of China has revealed that intra-city
monocentriy and inter-city polycentricity are associated with better
urban economic productivity [61]. Third, in line with the literature on
urban shrinkage, our models find that shrinking cities tend to be as-
sociated with more residential emissions than growing cities of the
same population size, controlling for other urban forms and socio-
economic correlates. Specifically, such a relationship is more significant
in energy use for heating. This result may be due to “overcapacity in
technical networks that emerged in the context of ‘shrinking’ processes”
[11] (p.437). While China is still undergoing rapid urbanization, recent
studies have noticed population loss in a number of cities [15,17], thus
calling for the need to consider the environmental, social, and economic
dimensions of shrinking cities. The phenomenon of shrinkage in China
has its characteristics [17,65]. For example, shrinking and growing are
processes that can be observed in a parallel [66]. Still, as opposed to
many case studies in European and North American cities, Wu and
Wang [66] have found that residents may feel safer and a higher living
quality after the population loss in a recent case study of Yiwu City.
5. Conclusions
The analysis uses a large sample of Chinese cities for the years 2005,
2010, and 2015 to assess the relationship between residential carbon
emissions and urban spatial structure. Being consistent with and ex-
tending from the existing literature, our analysis points to the following
findings. First, urban compactness is negatively associated with re-
sidential CO2 emissions [1,56]. Second, polycentricity is correlated
with fewer emissions but only statistically significant for a few models,
which is possibly due to a trade-off effect between urban compactness
and polycentricity at the selected scale of measurement [5]. Third,
population size, GDP per capita, and the proportion of tertiary sector
are often significantly related to residential emissions [2,3]. Most im-
portantly, our analysis pays attention to carbon emissions in ‘shrinking
cities’, which have experienced population loss and are a recent urban
phenomenon in China [15,17]. Everything else being equal, shrinking
cities tend to be less energy efficient (in residential energy consump-
tion) than their growing counterparts, suggesting that these cities not
only are ‘battling’ with declining populations but also need to consider
the environmental effects of shrinkage [11,12]. Analysese of interaction
terms also suggest complex relationships between economy, urban
shrinkage, and carbon emissions [8]. Our analysis also points out that
among the four selected sectors of energy use, the association between
urban shrinkage and central-heating related residential carbon emis-
sions seems to be more significant. However, as noted above, Xiao et al.
[8] have suggested that the increases in carbon emissions in ‘rapidly
shrinking cities’ may be due to a shift towards secondary/tertiary sec-
tors.
Our study has the following limitations, which also lays the foun-
dation for future studies. First, there are caveats in our collection of
emissions data, despite our efforts in following and extending previous
appraoches (e.g., [1,2,22]). For example, we only consider coal for
central heating, while coal is increasingly used for such purpose [67].
Second, the polycentric urban development in this study focuses on
‘population centers’ and is approximated from a morphological per-
spective. By contrast, future studies may characterize urban poly-
centricity based on employment centers and through functional flows.
Such studies are increasingly feasible given the emergence of the new
urban data environment [68]. Third, the urban form may affect not
only residential CO2 emissions but also air pollutants. Comprehensively
analyzing the influence of urban forms on CO2 emissions and polluting
gases is necessary, and an integrated available urban development
strategy should be pursued. Still, we understand that residential carbon
emissions are a limited part of overall carbon emissions for many
shrinking cities [8]. Relatedly, while existing analyses are constrained
by the quality of statistical yearbooks and government reports in China,
our models can be refined with new data sources about emissions and
pollution in China [46,48]. Finally, pointing to the nexus among urban
form, shrinkage, and residential carbon emissions, this paper serves as a
call for more in-depth and integrated quantitative/qualitative studies
[17,60,69].
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Appendix A. Maps of (a) total residential carbon emissions; (b) compactness; and (c) polycentricity for the year of 2015 as well as (d)
shrinking cities (based on Wu and Li [53]).
 (a) total residential carbon emission   (a) Compactness
 (c) Polycentricity  (d) shrinking cities 
Appendix B. Correlates of residential carbon emissions with the urban shrinkage dummy variable measured based on city-district
population (BE estimation).
(1) (2) (3) (4) (5)
VARIABLES DCE TDCE EDCE GDCE CDCE
Ln (POP) 0.943*** 0.963*** 1.034*** 1.086*** 0.529***
(0.0289) (0.0470) (0.0305) (0.0487) (0.149)
Ln (PGDP) 0.619*** 0.399*** 0.558*** 0.608*** 1.007***
(0.0399) (0.0851) (0.0422) (0.0674) (0.193)
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WTI 1.569*** 1.232*** 1.428*** 0.758** 2.725***
(0.208) (0.333) (0.220) (0.352) (0.974)
COMP −0.694** −0.397 −0.764** −1.863*** 0.623
(0.347) (0.546) (0.368) (0.587) (1.675)
POLY 0.155 0.232 0.177* 0.195 −0.335
(0.0942) (0.148) (0.0989) (0.158) (0.482)
Urban Shrinkage (Shrinking = 1) 0.185** −0.0152 0.165* −0.118 0.413
(0.0843) (0.133) (0.0887) (0.142) (0.351)






Constant −4.639*** −5.070*** −4.741*** −6.600*** −7.731***
(0.530) (0.899) (0.562) (0.897) (2.429)
Observations 713 708 713 713 332
Number of groups 271 271 271 271 136
standard errors in parentheses; *** p < 0.01, ** p < 0.05, * p < 0.1.
Appendix C. Correlates of residential carbon emissions with the urban shrinkage dummy variable measured based on city-wide
population (BE estimation)
(1) (2) (3) (4) (5)
VARIABLES DCE TDCE EDCE GDCE CDCE
Ln (POP) 0.956*** 0.972*** 1.046*** 1.086*** 0.554***
(0.0282) (0.0471) (0.0302) (0.0491) (0.148)
Ln (PGDP) 0.640*** 0.414*** 0.575*** 0.605*** 1.053***
(0.0391) (0.0856) (0.0418) (0.0680) (0.194)
WTI 1.627*** 1.261*** 1.472*** 0.747** 2.802***
(0.203) (0.333) (0.217) (0.352) (0.962)
COMP −0.571* −0.373 −0.663* −1.912*** 0.943
(0.336) (0.544) (0.360) (0.586) (1.651)
POLY 0.180** 0.236 0.205** 0.179 −0.242
(0.0909) (0.147) (0.0967) (0.157) (0.476)
Urban Shrinkage (Shrinking = 1) 0.304*** 0.132 0.258*** −0.0693 0.523*
(0.0667) (0.107) (0.0704) (0.114) (0.280)






Constant −5.016*** −5.299*** −5.061*** −6.540*** −8.635***
(0.523) (0.912) (0.561) (0.912) (2.489)
Observations 713 708 713 713 332
Number of groups 271 271 271 271 136
standard errors in parentheses; *** p < 0.01, ** p < 0.05, * p < 0.1.
Appendix D. Correlates of residential carbon emissions with the urban shrinkage dummy variable from Wu and Li [53] (BE estimation)
(1) (2) (3) (4) (5)
VARIABLES DCE TDCE EDCE GDCE CDCE
Ln (POP) 0.942*** 0.974*** 1.030*** 1.088*** 0.546***
(0.0290) (0.0468) (0.0307) (0.0487) (0.148)
Ln (PGDP) 0.617*** 0.394*** 0.555*** 0.609*** 0.982***
(0.0399) (0.0846) (0.0424) (0.0674) (0.189)
WTI 1.561*** 1.217*** 1.423*** 0.762** 2.518***
(0.209) (0.331) (0.222) (0.352) (0.952)
COMP −0.618* −0.361 −0.704* −1.909*** 1.253
(0.347) (0.542) (0.369) (0.586) (1.671)
POLY 0.168* 0.217 0.191* 0.186 −0.277
(0.0941) (0.146) (0.0991) (0.157) (0.477)
Urban Shrinkage (Shrinking = 1) 0.134* 0.204* 0.0673 −0.0659 0.516*
(0.0757) (0.118) (0.0798) (0.127) (0.308)
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Constant −4.642*** −5.128*** −4.718*** −6.608*** −7.792***
(0.532) (0.892) (0.566) (0.899) (2.403)
Observations 713 708 713 713 332
Number of groups 271 271 271 271 136
standard errors in parentheses; *** p < 0.01, ** p < 0.05, * p < 0.1.
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